ABSTRACT
The formation of the oxoammonium cation was successfully followed during the activation of 37 TEMPO by HOCl and HOBr. It was found that HOBr is a more effective activator for TEMPO than 38 HOCl is. Moreover, the importance of a separate activation step for TEMPO with bromide-free 39 TEMPO oxidations could be identified with this titration method. The content of TEMPO + was also 40 monitored during the TEMPO-mediated oxidation of a cellulosic pulp by hypochlorite in the absence 41 and presence of bromide. It was found that the oxidation of the alcoholic groups by TEMPO + was 42 generally the rate-determining step and much slower than the regeneration of TEMPO + through 43 oxidation of the hydroxylamine by HOCl and HOBr. However, at high pH the latter reaction became 44 rate-limiting. 49 The chemistry of catalytic oxidation of alcohols with oxoammonium ion in aqueous media was 50 reported decades ago [1] [2] [3] [4] . The fast and selective oxidation of primary alcohols to carboxylates via 51 aldehydes by oxoammonium ion was introduced later [5] . More recently, this method was applied 52 to the oxidation of cellulose [6] and to the preparation of nanofibrillated cellulose (NFC) [7, 8] . 53 Altogether, this oxidation has gained a vast research interest [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The TEMPO-mediated oxidation 54 reduces drastically the energy consumption during the pulp disintegration to NFC, which is a 55 transparent gel consisting of individual cellulose microfibrils and microfibril bundles . The energy 56 consumption of the nanocellulose production via a TEMPO-mediated oxidation can be reduced from 57 700-1400 MJ kg -1 (microfibrillated cellulose (MFC) process with a high pressure homogenizer 58 treatment) to less than 7 MJ kg -1 (TEMPO-oxidized NFC) [22] . NFC can be utilized, for example, as a 59 reinforcing agent in composites [22, 23] . Other applications of NCF include gas-barrier films, 60 electronics, cosmetics, and flame-resistant materials [22] . 61 The most widely studied TEMPO-oxidation process is based on the use of the NaBr/TEMPO/NaOCl 62 system. The pH level during this oxidation is typically 10 or higher [10, 12, 13, 19, 22] . The amount 63 of bromide is commonly higher than the amount of TEMPO (mass ratio 10:1) during the oxidation 64 [7] . Moreover, some TEMPO-oxidation methods without the application of bromide have been 65 reported in the literature [20, 24] . For example, acid-neutral conditions (pH 3.5-6.8) have been 66 applied to oxidize regenerated cellulose applying a TEMPO/NaOCl/NaClO2 procedure without the 67 use of bromide [24] With this low pH range, high carboxylate contents for the oxidized pulps (4 68 mmol COOH / g) have been reported after an extended reaction time of almost 80 h. In addition, an 69 electro-mediated oxidation has been used to oxidize the primary hydroxyl groups of cellulose to 70 carboxylates without the addition of either NaOCl or NaBr. In this oxidation, TEMPO The oxidation of the alcohols with TEMPO is clearly faster with added NaBr [11] . The co-catalysis by 263 bromide could be due to the faster activation of TEMPO to its oxidized form.
Introduction

264
The thiosulphate consumption with the added DMSO was converted to the concentration of 265 TEMPO + according to Eqs. 1 and 3 (Fig. 3) . The concentration of Cl(+1) was obtained from the The conversion of TEMPO and Cl(+1) and the formation of TEMPO + were monitored also by UV-Vis 282 absorption spectroscopy (Fig. 3) . The spectra of the reaction solutions and the corresponding 
323
The iodometric titration with and without added DMSO was applied for monitoring the 324 NaBr/TEMPO/NaOCl reaction system similarly as presented in supplementary data (S1) for the 325 TEMPO/NaOCl system (S2). The formation rate of TEMPO + was high despite the 10 times lower 326 concentration level compared to the bromide-free system (S1 and Fig. 3 ). The use of bromide as an 327 accelerating compound of TEMPO-mediated oxidation is well known and reported [10, 12] . Our 328 experiments verify one of the important effects of bromide as a co-catalyst is the faster conversion 329 of TEMPO to TEMPO + .
330
The correlation between the consumption of Cl(+1)/Br(+1) and formation of TEMPO + (Fig. 6 ) was 331 similar to the one detected with the TEMPO/NaOCl system (S1 and Fig. 3 ). In both cases the 332 hypohalous acids were consumed and TEMPO + formed in the theoretical 1:2 ratio. The iodometric titration of Cl(+1) and TEMPO + was applied to study the catalytic oxidation of a 348 bleached birch kraft pulp with preactivated TEMPO (2 mM) at pH 9 that has been reported to be the 349 optimum pH for the bromide-free oxidation [11] (Fig. 8 A) . During the course of the oxidation TEMPO 350 existed mostly in the form of TEMPO + , the concentration of which stayed at a constant level (1.7 351 mM) until all Cl(+1) was consumed (Fig. 8 A) . Table S1 . TEMPO-mediated oxidation of bleached birch kraft pulp (8 A-C), bleached eucalyptus kraft pulp (S6 520 A) and bleached eucalyptus prehydrolysis kraft pulp (S6 B). Catalyst addition was 2 mM and oxidations were 521 applied at room temperature. 522
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